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ABSTRACT: Prions are infectious proteins that are able to recruit a normal cellular prion protein and convert it
into a prion. The mechanism of this conversion is unknown. Detailed analysis of the normal cellular prion
protein and a corresponding prion has shown they possess identical post-translational modifications and
differ solely in conformation. Recent work has suggested that the oxidized form of the methionine at position
213 (Met213) plays a role in the conversion of the normal cellular prion protein to the prion conformation and
is a prion-specific covalent signature. We developed a sensitive method of quantitating the methionine
sulfoxide present at position 213 (MetSO213) and used this method tomeasure the changes inMetSO213 over
the time course of an intracranial challenge, using the 263K strain of hamster-adapted scrapie. These results
indicate that the proportion of Met213 that is oxidized decreases over the course of the disease. We examined
the quantity of MetSO213 in PrPC and compared it to the amount found in animals terminally afflicted with
the 263K, 139H, and drowsy strains of hamster-adapted scrapie. These strains show only low levels of
MetSO213 that is comparable to that of PrPC. These data suggest that MetSO213 does not appear to be a
prion-specific covalent signature.

Transmissible spongiform encephalopathies (TSEs)1 make up
a set of rare fatal neurological diseases caused by a novel
pathogen, a prion. Prions are able to recruit the normal cellular
prion protein (PrPC) and convert it into a prion (PrPSc) and
thereby propagate an infection (1, 2). TSEs are known to afflict
agriculturally important animals such as sheep and cows (3, 4). In
addition, wild and captive deer, elk, moose, mink, and zoo
animals are susceptible to TSEs (5-7). In humans, prion diseases
are known as Creutzfeldt-Jakob disease (CJD), Gerstmann-
Str€aussler-Scheinker disease, kuru, or fatal familial insomnia.
They can be inherited, sporadic, or transmitted. TSEs are
characterized by an extended asymptomatic incubation period
followed by a relatively short disease course ending in death.
During the course of the disease, there is no immune response.

Detailed analysis of the structures of PrPC and PrPSc has
shown that PrPC and PrPSc have identical amino acid sequences,
a single disulfide bond, covalently attached sugar antennae, and a
single glycophosphatidylinositol (GPI) anchor (8, 9). The pri-
mary amino acid sequences of PrPC and PrPSc are identical.
Other than those already enumerated, no post-translational

modifications of the amino acids have been identified in PrPSc.
The sugar antennae are covalently bound to asparagine residues
at positions 181 and 197 (in hamsters) (8-10). The composition
of the sugar antennae is variable but varies similarly in both PrPC

and PrPSc (10, 11). The variation in the sugar composition of the
GPI anchor is similar in both PrPC and PrPSc (12). These
experiments show that there is no covalent difference between
PrPC and PrPSc.

Since there are no covalent differences between PrPC and
PrPSc, theymust differ in their respective conformations. Circular
dichroism and infrared spectroscopy have been used to establish
that the secondary structure of PrPSc is comprised of a high
proportion of β-sheet structure (13, 14). NMR studies of PrPC

show that it is composed of an amino-terminal unstructured
domain and R-helices (15, 16). There is very little β-sheet present
in PrPC. This conversion from the unordered and R-helical
secondary structure of PrPC to the β-sheet secondary structure
of PrPSc is responsible for the properties of prions.

Oxidation of methionine has been associated with conforma-
tional differences in model systems (17). The structure of
recombinant hamster PrP with oxidized methionines is very
similar to that of recombinant hamster PrP without oxidized
methionines, as measured by circular dichroism (18). Other
researchers have observed that the ability of recombinant hamster
PrP to form fibrils is dependent upon the level of methionine
oxidation (19). The role of specific oxidizedmethionines has been
studied inmodel systems. One study used a portion of the human
PrP protein (amino acid residues 125-229) and molecular
modeling (20). In another study, the methionines in full-length
recombinant hamster PrP were selectively replaced with the
synthetic methionine analogue norleucine or methoxinine (21).
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Both of these studies showed that oxidation of the methionine at
position 213 facilitated a conformational conversion of the region
containing that methionine from R-helix to β-sheet secondary
structure. Such a transformation may be important in the origin
of PrPSc.

Recent experimental work has concluded the oxidation of
Met213 is a covalent signature of PrPSc (22). These results are
surprising since Met213 is not as accessible as the other methio-
nines present in the molecule and, as a result, is more resistant
to peroxide oxidation (18). Methionine oxidation can occur
during the general handling of proteins (23-25), during SDS-
PAGE (26, 27), and even during the electrospray ionization
process (28, 29). Stahl et al. noticed the occasional presence of
oxidized methionines at position 206 and/or position 213 during
their mass spectrometric analysis of the structure of PrPSc (9).
The origin of these modifications was unclear, and Stahl et al.
concluded that PrPC and PrPSc possess no covalent differences.
It is, therefore, important to employ an analytical method that
does not facilitate the oxidation of methionine (26).

We developed a mass spectrometry-based assay for the detec-
tion of a peptide fragment containing residues 209-220 from the
normal cellular prion protein or prions in brains of infected
laboratory hamsters (30, 31). We used nanoscale chromato-
graphy with tandem mass spectrometry to detect and quantitate
the amount of this peptide and the corresponding sulfoxide
present in the brains of healthy and prion-infected animals.
We report these results here.

EXPERIMENTAL PROCEDURES

Chemicals. Trypsin (porcine, sequencing grade, modified)
was purchased from Promega (Madison, WI). The iodoacet-
amide derivatives of the peptide VVEQMCTTQYQK, the
corresponding sulfoxide, and the isotopically enriched peptide
(internal standard) were synthesized by Anaspec (Fremont, CA).
The sulfoxide and the peptide differed solely in terms of the
presence of the oxygen on the sulfur of methionine. The peptide
and the internal standard differed in terms of the isotope con-
tent of the terminal valine, either natural isotopic abundance or
[13C5,

15N]valine. The peptide and the sulfoxide-containing pep-
tide had different chromatographic mobilities. The chromato-
graphic mobilities of the internal standard and peptide were
identical. The composition of these synthetic peptides was
confirmed by mass spectrometry. The chemical purity was
greater than 90% as shown by LC/UV, and the isotopic purity
was greater than 99.8%. The structure of each peptide was
verified by amino acid analysis and mass spectrometry
(Anaspec). HPLC grade water was purchased from Burdick
and Jackson (Muskegon, MI). Acetonitrile (HPLC grade) was
from Fisher Scientific (Fairlawn, NJ). All other reagents were
from Sigma-Aldrich (St. Louis, MO).
Syrian Hamster PrP Animal Handling and Sample

Preparation. The 263K strain of hamster-adapted scrapie
(32, 33) and the drowsy strain of hamster-adapted mink ence-
phalopathy (34) were obtained from InPro Biotechnology (South
San Francisco, CA) and passaged once through LVG Syrian
golden hamsters (CharlesRiver Laboratories,Wilmington,MA).
The 139H strain of hamster-adapted scrapie (35) was a gift from
R. I. Carp, and it was passaged once through LVGSyrian golden
hamsters. Forty female LVG hamsters (4 weeks old) were
inoculated intracranially (ic) with 50 μL of a 1% brain homo-
genate, prepared from a terminal-stage animal. Four hamsters

were anesthetized with isoflurane and euthanized by cervical
dislocation starting 1 week after inoculation and then continuing
weekly for 10 weeks, when the animals displayed symptoms. The
spinal columnwas severed from the base of the skull with surgical
scissors. Each brain was quickly removed from the skull and
immediately frozen at-80 �C.The surgical equipment was wiped
with 1M sodium hydroxide and then 70% ethanol between each
brain removal. After the four brains were removed, the surgical
equipment was cleaned as described and then soaked in a
phenolic solution to remove any prions and minimize any cross
contamination (36).

Each brain was homogenized and centrifuged in disposable
plasticware. Only a single group of four brains was processed on
the same day, to minimize any chance of cross contamination.
Using the method of Diringer et al. (37), the P145a pellet was
obtained from a 20% aliquot of each brain homogenate. Each
brain was homogenized in 12.5 mL of homogenization buffer
[10% solution ofN-lauroylsarcosine, 9.5 mM sodium phosphate
(pH 8.5), and protease inhibitors]. After 30 min at room
temperature, the homogenate was centrifuged for 18 min at
16000g in a Beckman 70.1 Ti rotor. The supernatant was
collected, and 20% of the total supernatant volume was com-
bined with 1 mL of 0.1 M EDTA (pH 7.6). The volume was
increased to 12 mL with homogenization buffer and underlain
with 1 mL of 20% sucrose in water. The sample was centrifuged
at 145000g in a Beckman 70.1 Ti rotor to obtain an insoluble
pellet, P145a, which was then treated with proteinase K for 1 h at
37 �C. The proteinase K was inactivated by the addition of 1%
(v/v) proteinase inhibitor cocktail (Sigma). The resulting PrP
27-30 was denatured by addition of a sufficient amount of 8 M
guanidine hydrochloride to achieve a final concentration of
6 M (38). The 6 M guanidine solution containing the denatured
PrP 27-30 was allowed to stand for at least 24 h before
precipitation. Protein was precipitated by addition of 5 volumes
of methanol at -20 �C, and the mixture was centrifuged at
20000g for 20 min with an Eppendorf (Hamburg, Germany)
model 5417R centrifuge.
Purification of PrPC from the Brains of Uninfected

Hamsters. The brains from 300 healthy uninfected hamsters
were surgically removed from animals that were previously
anesthetized with isoflurane and euthanized by cervical disloca-
tion. After removal, the brains were immediately frozen on dry
ice and then stored in a -80 �C freezer until needed. The brains
were homogenized in a steel blender with liquid nitrogen until
they were pulverized into a fine powder. The powder was stored
in a -80 �C freezer until needed. The synaptosomal/microsomal
membranes were isolated by the method of Pergami et al. (39).
Forty grams of the brain powder was homogenized in 200 mL of
buffer (0.32 M sucrose, 0.5 mM KCl, 1 mM MgCl2, 1 mM
NaHCO3, 1 mM dithiothreitol, and 5 mM phenylmethane-
sulfonyl fluoride). The homogenate was centrifuged at 3000g
and 4 �C for 10 min. The supernatant was removed. The pellet
was rehomogenized using the same buffer and centrifuged under
the same conditions. This second supernatant was removed and
combined with the other supernatant. The combined super-
natants were divided among eight ultracentrifuge tubes subjected
to ultracentrifugation (Beckman 70Ti rotor) at 100000g for 1 h at
4 �C over a 0.85 M sucrose cushion. The resulting supernatant
was removed, and one of the pellets was dissolved, by being
gently stirred at room temperature for 30 min in 28 mL of buffer
[25 mM phosphate (pH 7.4) with 2% (w/v) β-octyl glucopyrano-
side]. The solution from the redissolved pellet was subjected to
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ultracentrifugation (Beckman 70.1 Ti rotor) at 100000g for 1 h
at 15 �C. The supernatant from this ultracentrifugation was
retained and the pellet discarded.

The supernatant was subjected to cation exchange chromato-
graphy. It was loaded onto a Vivapure Maxi spin column
(Vivascience Stonehouse) that had been prepared and washed
according to the manufacturer’s instructions. It was spun at 500g
for 5 min. The flow-through was discarded. The column was
loaded with 5 mL of buffer [25 mM phosphate (pH 7.4) with 1%
(w/v) β-octyl glucopyranoside] and spun at 500g for 5 min. The
wash was discarded. The washing continued in 5 mL steps with
50, 100, and 200 mM NaCl buffers [25 mM phosphate (pH 7.4)
with 1% (w/v) β-octyl glucopyranoside]. The final elution with
500 mM NaCl was retained and subjected to immobilized metal
affinity chromatography.

The 1 mLHIS-Select cartridge (Sigma Corp.,Milwaukee, WI)
was stripped and recharged with copper according to the
manufacturer’s instructions. The final elution from the cation
exchange column was added to the cartridge at a flow rate of
1 mL/min. After the cartridge was loaded, it was washed once
with 5 mL of buffer [500 mMNaCl, 25 mM phosphate (pH 7.4),
and 1% (w/v) β-octyl glucopyranoside] and twice with 5 mL of
buffer [50 mMNaCl, 25 mM phosphate (pH 7.4), and 1% (w/v)
β-octyl glucopyranoside]. The washes were discarded. The car-
tridge was eluted sequentially with 5 mL of buffer [50 mMNaCl,
25 mM phosphate (pH 7.4), and 1% (w/v) β-octyl glucopyrano-
side] containing 10 mM, 50 mM, and finally 100 mM imidazole.
The 5 mL fraction eluted with 50 mM imidazole was concen-
trated with an AmiconUltra centrifugal filter device (10K cutoff;
Millipore Corp., Billerica, MA) and then precipitated with
methanol. The pellet was redissolved and subjected to analysis
by mass spectrometry (vide infra).
Reduction, Alkylation, and Tryptic Cleavage of Syrian

Hamster PrP Samples. The whole pellet obtained after
methanol precipitation (vide supra) was sonicated for 5 min in
a 10 μL solution of 0.01% aqueous β-octyl glucopyranoside
(BOG). After sonication, a 10 μL solution containing the internal
standard ([13C5,

15N]VVEQMCTTQYQK, 18 fmol/μL in 0.01%
aqueous BOG) was added and the mixture sonicated for an
additional 5 min. Ten microliters of a solution of 10 mM
dithiothreitol (DTT) in buffer A (25 mM ammonium bicarbo-
nate, 0.01% BOG, and 1 pmol/μL methionine) was added to the
mixture and themixture allowed to react for 1 h at 37 �Cand then
cooled to room temperature. Forty microliters of a solution of
buffer A containing 10 mM iodoacetamide was added to the
mixture and allowed to stand in the dark at room temperature for
1 h. The excess iodoacetamidewas quenched by addition of 20 μL
of a solution containing 10 mM DTT in buffer A. The reduced
and alkylated peptides were subjected to proteolysis by the
addition of 10 μL of a trypsin solution (100 μg of trypsin/mL
of water). The reaction was allowed to proceed at 37 �C for 16 h.
Samples were stored at -20 �C until they were analyzed.
Reduction, Alkylation, and Tryptic Cleavage of the

Sulfoxide of the VVEQMCTTQYQK Peptide. Twelve
identical 20 μL solutions of 0.01% BOG containing 1 pmol of
the synthetic sulfoxide peptide and 180 fmol of the isotopically
labeled peptide were prepared. Four were diluted with 0.01%
BOG to yield a final volume of 100 μL. These four were analyzed
bymass spectrometry (vide infra). Tenmicroliters of a solution of
10 mMdithiothreitol (DTT) in buffer A was added to each of the
remaining eight samples and the mixture allowed to react for 1 h
at 37 �C and then cooled to room temperature. Forty microliters

of a solution of buffer A containing 10 mM iodoacetamide was
added to each of these eight samples and the mixture allowed to
stand for 1 h at room temperature in the dark. The excess
iodoacetamide present in the eight samples was quenched by
addition of 20 μL of a solution containing 10 mM DTT in
buffer A. Tenmicroliters of 0.01%BOGwas added to four of the
eight samples. These four were subjected to analysis by mass
spectrometry (vide infra). The four remaining samples were
subjected to proteolysis by the addition of 10 μL of a trypsin
solution (100 μg of trypsin/mL of water). The reaction was
allowed to proceed at 37 �C for 16 h. These last four samples were
analyzed by mass spectrometry (vide infra).
Quantitative Mass Spectrometry: Nanospray LC-MS/

MS. An Applied Biosystems (ABI/MDS Sciex, Toronto, ON)
model 4000 Q-Trap instrument equipped with a nanoelectro-
spray source was used to perform nanospray liquid chromato-
graphy and tandemmass spectroscopy (LC-MS/MS).An aliquot
(6 μL) of each digest (10.8 fmol of internal standard) was loaded
onto a C-18 trap cartridge [PepMap, 5 μm, 100A, 300 μm (inside
diameter) � 5 mm (Dionex, Sunnyvale, CA)]. Salts were washed
from the cartridge with an acetic acid/acetonitrile/heptafluoro-
butyric acid/water solution (0.5/1/0.02/99). The now salt-free
bound peptides were eluted onto a reversed-phase column
[Vydac (Hesperia, CA) 238EV5.07515, 75 μm � 150 mm].

The solvents were delivered with anApplied Biosystemsmodel
Tempo nanoflow LC system (ABI/MDS Sciex) with an auto-
sampler, a column switching device, and a nanoflow solvent
delivery system. Samples were eluted from the column with a
binary gradient (A, 0.5% acetic acid in water, and B, 80%
acetonitrile with 0.5% acetic acid). The flow rate was 250 nL/min
with a 16min linear gradient starting with 5%B and ending with
100%B. Elution with 100%Bwas conducted for 7 min followed
by a return to 5%B over 4 min. The eluted samples were sprayed
with a noncoated spray tip (FS360-20-10-N-20-C12, New Objec-
tive Inc., Woburn, MA) onto the Applied Biosystems source,
Model Nanospray II.

The mass spectrometer was operated in multiple-reaction
monitoring (MRM) mode, alternating among detection of
VVEQMCTTQYQK (precursor ion at m/z 757.8, product ion
at m/z 171.1), the sulfoxide (precursor ion at m/z 765.8, product
ion atm/z 171.1), and [13C5,

15N]VVEQMCTTQYQK (precursor
ion at m/z 760.8, product ion at m/z 177.1). Both quadrupoles
were operated at unit resolution (full width at half-maximum of
0.7 Da). Fragmentation to obtain the specified product ion was
optimized via adjustment of the Q2 offset voltage (collision
“energy”) to a value of 45 V for all three ion reactions.
Quantitation was conducted with the Intelliquan quantitation
algorithm using Analyst version 1.4.1.

RESULTS

Aseries of solutions containing knownbut varying concentrations
of the analyte peptide [residues 209-220 (VVEQMCTTQYQK)] or
the sulfoxide of the analyte peptide and a fixed amount of the
isotopically labeled internal standard were prepared. These
solutions were analyzed with the triple quadrupole mass spectro-
meter. The area ratio of the integrated signal from the analyte
peptide or the sulfoxide of the analyte peptide to that of the
isotopic standard was used to prepare a calibration curve. The
calibration curves for the analyte peptide (A) and the sulfoxide of
the analyte peptide (B) are shown in Figure 1. The correlation
coefficient for both of these linear curves is 0.99. Furthermore,
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the coefficient of variation (CV) for these area ratios is small,
ranging from 0.9 to 3.8%. The CV for the analyte retention time
was small, averaging 2.0%. The results indicate that this method
provides an accurate and reproducible way of quantitating the
analyte peptide, its corresponding sulfoxide, and the ratio of the two.

The isotopically labeled internal standard and the analyte
peptide (VVEQMCTTQYQK) have identical chemical proper-
ties, except for a mass difference of 6 Da.While the differences in
molecular mass are easily detected bymass spectrometry, they do
not significantly change the retention times of these molecules.
This allows the use of the internal standard to confirm the
identity of the analyte peptide by its characteristic chromato-
graphic retention time and by its characteristicmolecular mass. It
also allows us tomark the presence of the sulfoxide of the analyte
peptide, based on its relative chromatographic retention time and
its characteristic molecular mass.

To quantitate the analyte peptide or the oxidized form of the
analyte peptide, we operate our mass spectrometer in the MRM
mode.We set our instrument to isolate ions with amass-to-charge
ratio corresponding to our analyte peptide (m/z 757.8; z=2), the
oxidized analyte peptide (m/z 765.8; z=2), the isotopically labeled
internal standard (m/z 760.8; z=2), and the oxidized isotopically
labeled internal standard (m/z 768.8; z= 2). Only ions with these
predefined mass-to-charge ratios are sequentially permitted into
the collision cell. After an ion with one of these four predefined
mass-to-charge ratios enters the collision cell, it is fragmented by
collision with nitrogen gas. The ions from this collision are
analyzed, and the intensity of the signal from a distinct fragment
[a2 ion of the peptide; m/z 171.1 (analyte) or m/z 177.1 (internal
standard)] is recorded.

We were concerned that other molecules might produce signals
that would interfere with our quantitation method. For such
interference to occur, a molecule would need to possess a
chromatographic retention time similar to that of the analyte
peptide and generate a fragment with a m/z of 171.1.
A combination of these diverse properties is highly unlikely, but
not impossible. To test this, we removed the brains from three
uninfected control hamsters. Each of these brains was homo-
genized and subjected to the PrP 27-30 isolation procedure. The

resulting pellet was subjected to mass spectrometric analysis using
the internal standards. These results, shown in Figure 2, demon-
strate that healthy control animals possess no molecule with an
observable signal having a retention time corresponding to that of
the isotopically labeled internal standard (Figure 2, graph 1) or the
oxidized isotopically labeled internal standard (Figure 2, graph 2).
We conclude, therefore, that there are no interfering molecules
present in a healthy hamster brain and that the signals we observe
from infected brains result from PrP 27-30.

Figure 3 shows chromatograms for the analyte peptide isolated
from the brain of a symptomatic hamster infected with the 263K

FIGURE 1: Calibration curves used to determine the empirical rela-
tionship between the concentration of the analyte peptide (A) and
analyte methionine sulfoxide (B) and the 13C-labeled internal stan-
dard. All concentrations are reported as the mean ( standard
deviation of four injections. FIGURE 2: Determining the background interference from non-PrP

27-30 molecules. Chromatograms a-d are offset for the sake of
clarity. Chromatogram a is from an isotopically labeled internal
standard. Chromatograms b-d are from brains of healthy control
animals subjected to the PrP 27-30 isolation procedure and mass
spectrometric analysis. Graph 1 shows four multiple-reaction moni-
toring (MRM) chromatograms using amass window that is selective
for either the unoxidized isotopically labeled internal standard (a) or
the unoxidized analyte peptide (b-d). Graph 2 shows four MRM
chromatograms using a mass window that is selective for either the
oxidized isotopically labeled internal standard (a) or the oxidized
analyte peptide (b-d).

FIGURE 3: Assessing the electrospray-induced oxidation of the ana-
lyte peptide. Multiple-reaction monitoring (MRM) chromatogram
(chromatograms are offset for the sake of clarity) using a mass
window that is selective for either the unoxidized peptide (intensity �
1/10) (a) or the oxidized peptide (b). Graph 1 shows the result from a
PK-treated brain from a symptomatic animal infected with the 263K
strain of hamster-adapted scrapie. Graph 2 shows the results with the
13C5- and

15N-labeled synthetic peptide used as an internal standard.
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strain of hamster-adapted scrapie and the chromatogram of the
isotopically labeled internal standard. The top traces record the
intensity of the MRM signal from the unoxidized methionine of
the analyte peptide or the labeled internal standard. The bottom
traces record the MRM signal intensity from the methionine
sulfoxide form of the analyte peptide or the labeled internal
standard. These traces show that the sulfoxide form of the
peptide (the sulfoxide diastereoisomers coelute) and the peptide
have a baseline separation with no tailing. This indicates there is
no aggregation of these peptides, which has been seen previously
with peptides resulting from LysC cleavage (9). The peak with a
retention time of 10.85 min (1a and 2a) corresponds to the
unoxidized peptide. The peak with a retention time of 9.98 min
(1b and 2b) corresponds to the oxidized peptide. The small peak
in traces 1b and 2bwith a retention time of 10.85min corresponds
to the fraction of the unoxidized peptide (a) that is oxidized
during the electrospray ionization (28, 29). If the peptide was
oxidized before it was chromatographed, then it would have a
different retention time. A similar result can be seen in Figure 2
(graph 2, chromatogram a). From this, we conclude that under
our electrospray conditions, there is little electrospray-induced
oxidation of methionine (2 ( 0.3%).

We were concerned that the reduction and alkylation neces-
sary for mass spectrometry might also reduce a significant
amount of MetSO213 to Met213 (40). To test this hypothesis,
we performed the reduction, alkylation, and trypsin cleavage
necessary for our mass spectrometric analysis on 1 pmol of the
sulfoxide of the synthetic peptide. We prepared three sets (four
replicates per set) of aliquots of this sulfoxide. One set was
analyzed bymass spectrometry without reduction and alkylation
or trypsin cleavage. The second set was subjected to the reduction
and alkylation procedure, but not the trypsin cleavage, and then
analyzed by mass spectrometry. The third set was subjected to all
three and then analyzed by mass spectrometry.

The area ratio of the reduced peptide to the starting sulfoxide
was determined for each quadruplicate set. In the first set, the
ratio was 0.0004 ( 0.0004. After alkylation and reduction, the
ratio was 0.0006 ( 0.0001. The quadruplicate set subjected to
reduction, alkylation, and trypsin cleavage had a ratio of 0.001(
0.0002. This indicates that approximately 0.1% of the total
sulfoxide is reduced by the reduction, alkylation, and trypsin
cleavage necessary for ourmass spectrometric analysis. Thus, our
treatment results in a measurable but negligible (∼0.1%) reduc-
tion of the sulfoxide.

Next we wanted to see how the ratio of MetSO213 to Met213
varied over the course of a prion disease. Forty hamsters were
inoculated (ic) with 50 μLof a 1%brain homogenate. Eachweek,
four animals were euthanized and their brains removed. Using
the method of Diringer et al. (37), PrP 27-30 was isolated from
each of the hamster brains. The quantity of MetSO213 and
Met213 present in PrP 27-30 isolated from each brain was
determined by mass spectrometric analysis using the internal
standard. The data from this mass spectrometric analysis for
weeks 3-10 were plotted as the ratio of MetSO213 to Met213
versus time as shown inFigure 4. For weeks 1 and 2, the signal for
MetSO213 was not greater than noise, so these data sets were not
included in the graph. The quantity of both Met213 and
MetSO213 increased as the amount of PrP 27-30 increased over
time (31). However, the ratio between the two remains nearly
constant, which indicates that the increase in the amount of
MetSO213 is proportional to the increase in the amount of
Met213. Furthermore, as the quantity of PrP 27-30 increases

from week 5 to 10, the proportion of MetSO213 actually
decreases. The opposite would be expected ifMetSO213-contain-
ing PrPC were selectively converted to PrPSc. Instead, this is what
would be expected if the oxidation were the result of the exposure
to the low levels of oxidants present in normal laboratory
solutions.

We wanted to see if other hamster-adapted prion strains with
longer incubation periods behaved the same way as the 263K
strain of hamster-adapted scrapie does. The 263K strain of
hamster-adapted scrapie has a relatively short incubation period
of 82( 1 days when inoculated ic. The 139H (175( 6 days) and
drowsy (166 ( 10 days) strains have even longer incubation
periods. A single brain from a symptomatic animal infected with
the 139H, drowsy, or 263K strain was removed from a eutha-
nized animal. The prions from each brain were isolated by the
method of Diringer et al. (37). Each isolate was divided in two.
Half was digested with proteinase K (PKþ) to yield PrP 27-30.
The other half (PK-) was not digested. Amounts ofMet213 and
MetSO213 were determined by mass spectrometry, and from
this, the ratio ofMetSO213 toMet213was determined for each of
these samples. The results for hamster-adapted prion strains
263K, 139H, and drowsy with PK treatment (0.1( 0.005, 0.08(
0.004, and 0.02 ( 0.004, respectively) and without PK treatment
(0.02 ( 0.001, 0.02 ( 0.0006, and 0.08 ( 0.008, respectively) are
shown in Figure 5. The ratio of MetSO213 to Met213 remains
low regardless of the length of the incubation of the strain or
whether it is treated with proteinase K.

The method we used to isolate PrPSc is based on the sedimen-
tation characteristics of prion particles (41). Several ultracentri-
fugation-based isolation methods have been developed for the
isolation of large amounts of PrPSc and adapted to small-scale
isolation. All of these methods typically give a >90% yield of
prions (based on a bioassay) in a given sample (42, 43). The
method we employ is a simpler version of these procedures that is

FIGURE 4: Ratios of the oxidized peptide to the unoxidized peptide
isolated from the brains of hamsters during the course of an ic
challenge with the 263K strain of hamster-adapted scrapie. Results
are shown as means( the standard deviation of data for PrP 27-30
(PK-treated protein) isolated from the brains of four animals per time
point.

FIGURE 5: Comparison of the ratio of the oxidized peptide to the
unoxidized peptide for the isotopically labeled internal standard,
normal cellular prion protein (PrPC), and three hamster-adapted
prion strains (with or without PK).



Article Biochemistry, Vol. 49, No. 9, 2010 1859

known to give purer preparations, but with lower yields of
prions (37).

We were concerned that this simplified procedure might intro-
duce a bias into the isolation procedure. We homogenized a single
brain and took six aliquots. Three were subjected to
the prion isolation procedure described by Diringer et al. (37).
The other three were subjected to the prion isolation procedure of
Bolton et al. that was reported to yield>90%of the prions present
in the sample, based on a bioassay (42). These samples were
quantitated by mass spectrometry. More PrP 27-30 was isolated
by themethod of Bolton et al. (6� 102( 1� 102 pmol) than by the
method of Diringer et al. (3� 102 ( 1� 102 pmol). We calculated
the ratio ofMetSO213 toMet213 for both of these procedures. The
method of Bolton et al. yielded a ratio of 0.05 ( 0.003, and the
method ofDiringer et al. yielded a ratio of 0.06( 0.005. There is no
statistical difference between these ratios ( p > 0.01), which
indicates that no bias occurs during the isolation of PrPSc.

We used the internal standard to estimate the amount of
oxidation that occurs in preparing and handling a sample for
mass spectrometry. The isotopically labeled internal standard
peptide was purified and analyzed by the vendor. We selected an
aliquot of this purified internal standard that had undergone
several freeze-thaw cycles and had been exposed to atmospheric
oxygen. It was added to the redissolved pellet before reduction,
alkylation, and trypsin cleavage. Thus, the ratio ofMetSO toMet
present in the internal standard would provide us with an
estimate of the oxidation that occurs during sample processing
and analysis by mass spectrometry. The MRM method was
amended to include transitions for the sulfoxide of the isotopi-
cally labeled internal standard. Four samples were run, and the
area ratios were calculated for each compound. The ratio was
determined to be 0.08( 0.008, indicating that approximately 8%
of themethionine in the internal standard is oxidized as a result of
the process of sample handling and mass spectrometric analysis.
This level of oxidation is comparable to that observed in other in-
solution digestions (44). A comparison of this value with that
obtained from the analysis of other strains of hamster-adapted
PrPSc (with or without PK) and PrPC is shown in Figure 5.

Lastly, we isolated PrPC from the brains of healthy uninfected
animals for comparison with the prions (with or without PK)
isolated from the brains of infected animals. These animals were
obtained from a commercial vendor and had never been housed
in an area exposed to prions. The source material was from a
mixture of 300 hamsters, so it should give a broad average
measure of the MetSO213 to Met213 ratio present in a healthy
uninfected hamster. The PrPC was purified by cation exchange
chromatography and immobilized metal affinity chromato-
graphy (IMAC) of the solubilized synaptosomal/microsomal
membranes (39). The purification was followed by Western
blotting using the 3F4 antibody. The estimated yield of the
purified PrPC protein was<10% of the total PrPC present in the
brain (39). The results from the mass spectrometric quantitation
are shown in Figure 5. PrPC has a low ratio of MetSO213 to
Met213, which is not surprising since it has a high rate of turnover
relative to that of a prion (45). It is surprising that the ratio is
similar to that of the PrPSc isolated from the brains of infected
hamsters.

Other researchers have reported that the addition 5mMCuCl2
during the refolding of recombinant mouse PrP results in the
oxidation of 70-80% of the total methionine present in the
protein (17). If the same amount of CuCl2 is added to renatured
recombinant mouse PrP, then less than 10% of the total

methionine present in the protein is oxidized (17). The PrPC

isolation procedure we use does not involve refolding of the
molecule, but it does employ copper(II) as the metal in the
immobilized metal affinity chromatography step of the isolation
procedure; therefore, we were concerned that the immobilized
copper might oxidize theMet213 in hamster PrPC. We renatured
recombinant hamster PrP using copper-immobilized metal affi-
nity chromatography (46) and determined the ratio ofMetSO213
to Met213 present in our recombinant hamster PrP to be 0.02 (
0.005. From this, we conclude that the immobilized copper(II),
unlike free copper(II), does not result in significant oxidation of
the chromatographed protein.

DISCUSSION

Our mass spectrometry-based method uses chromatographic
retention times and MRM to identify and quantify an analyte
peptide. This allows us to directly detect and quantitate the
tryptic digest peptide containingMet213.We used thismethod to
show that the ratio of MetSO213 to Met213 is low in both PrPC

andPrPSc. Furthermore, this ratio is comparable to that observed
by the handling necessary to perform our mass spectrometric
analysis. During a time course, the ratio ofMetSO213 toMet213
remains low, and as the disease progresses, the ratio decreases.
It remains low in symptomatic animals infectedwith prion strains
(139H and drowsy) with incubation times much longer than that
of 263K. These results support the hypothesis that MetSO213
should not be regarded as a prion-specific covalent signature in
hamsters.

Our work is done in solution and under conditions where the
generation of reactive oxygen species is minimized (26). In the
past, we used SDS-PAGE to purify the prions before quantita-
tion (30). We detected the presence of the oxidized form of
cysteine, cysteic acid, in samples of PrP 27-30 run on
SDS-PAGE gels. Upon closer examination, we realized that
cysteic acid was produced when a sample was run on an
SDS-PAGE gel without the addition DTT or β-mercapto-
ethanol (data not shown). In retrospect, we should not have
been surprised that oxidation should occur during gel electro-
phoresis (24-27). It is not remarkable that oxidation of methio-
nine could occur under such conditions (26). Since then, we have
opted for a solution-based method of analysis and have not
observed the presence of cysteic acid.

Our data do not exclude the possibility that there is an enzyme
or enzymes that specifically reduce MetSO213 to Met213. Such
enzymes (methionine sulfoxide reducing enzymes, MsrA and
MsrB) are known to exist and are actively involved in reducing
MetSO to Met on the basis of the stereochemistry of the
sulfoxide (47). These enzymes are found in a variety of organ-
isms (48). They are most active on methionines found on the
surfaces of proteins. SinceMet213 is part ofR-helix 3, adjacent to
the disulfide bond, and is relatively resistant to oxidation by
hydrogen peroxide (18), it is not likely to be found on the surface
of the protein and subjected to ready reduction. R-Helix 3 is not
degraded by partial proteinase K digestion, which suggests that
Met213 remains relatively inaccessible from the surface. It is
therefore unlikely that an Msr is responsible for the small
amounts of MetSO213 found in our samples.

Since we inoculated our animals with the 263K strain of
hamster-adapted scrapie, our data have no bearing on the origin
of spontaneous prion diseases. It does not exclude or support the
possibility that oxidation of Met213 to MetSO213 could be a
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primary event in the spontaneous formation of a prion (20, 21).
Once formed, the prion would then recruit and convert PrPC into
PrPSc. Since a single ID50 is estimated to contain fewer than
1 million molecules (49, 50), the most infectious prion particles
contain fewer than 30 molecules (51), and the minimum size for a
prion is estimated to be three molecules (52, 53), our method
would not be sufficiently sensitive to detect this proposed
seed (30). In any event, the original seed would most likely be
lost during the natural turnover of prions (45).

Our data do allow us to conclude that, in hamsters, it is
unlikely that MetSO213 is a covalent prion signature. It does not
appear that PrPC possessing MetSO213 is selectively recruited
and then converted to PrPSc. The observed MetSO213 is most
likely the result of oxidation that can occur in proteins with
relatively low turnover rates or when femtomole amounts of
proteins are handled in the presence of atmospheric oxygen.
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